Previous studies on loco-regional therapy (LRT) and alpha-fetoprotein (AFP) in predicting outcome after liver transplant (LT) for hepatocellular carcinoma (HCC) have shown inconsistent results. We analyzed the OPTN database in Region 5 from January 2004 to January 2009 and performed univariate and multivariate analysis of 11 pre-transplant recipient and donor variables in 1074 patients with HCC meeting Milan criteria to detect association with post-LT tumor recurrence or mortality. Mean waitlist time was 438 d. The 1-and 5-yr post-LT survival was 91.1% and 71.1%, respectively. In multivariate analysis, AFP before LT was the only predictor of HCC recurrence. The association between AFP and HCC recurrence was observed only in the subgroup receiving LRT but not in the subgroup without LRT. Predictors of mortality in multivariate analysis were HCC recurrence, Donor Risk Index, last AFP before LT, and MELD score. AFP before LT was the strongest predictor of post-transplant HCC recurrence or death in multivariate analysis. In conclusion, in Region 5 with prolonged waitlist time, high AFP was the only pre-transplant variable predicting post-transplant tumor recurrence and mortality for HCC meeting Milan criteria. Our results also supported the importance of the effects of LRT on AFP in predicting prognosis. Authors' contributions BM: participated in research design, writing of the manuscript, and analysis of data. JLS: participated in research design, writing of the manuscript, and analysis of data. AMH: participated in the collection and analysis of data. JPR: participated in research design and writing of the manuscript. FYK: participated in research design, writing of the manuscript, and analysis of data. 
In the United States, the incidence of hepatocellular carcinoma (HCC) has continued to rise for the past 2 decades, and approximately 20 000 new cases of HCC are diagnosed each year (1). Liver transplantation (LT) has made a substantial impact on the treatment of HCC for more than a decade, to the point where we no longer question the value of this life-saving therapy but instead grapple with how best to use a scarce resource for the maximum benefit of the rapidly growing population with HCC (2) (3) (4) . While the Milan criteria (5) based on tumor size and number are considered the benchmark for the selection of candidates for LT (3) , recurrence of HCC still occurs in 10-20% of patients within the first 5 yr after LT (2, (5) (6) (7) (8) (9) .
It has become increasingly evident that additional factors beyond the size and number of HCC are important determinants of post-transplant outcome (2, 10) . Microvascular invasion is well established to be an important risk factor for HCC recurrence after LT (6-10), but there are currently no reliable means to identify microvascular invasion prior to LT (11) . Identification of tumor and biologic markers that may reliably predict tumor recurrence or microvascular invasion has been an area of intense research interest. The optimal alphafetoprotein (AFP) cutoff that correlates with the risk of HCC recurrence has not been well defined (10) . Whether pre-transplant loco-regional therapy (LRT), including trans-arterial chemoembolization and radiofrequency ablation, is beneficial remains unclear (3, 10, 12) . Interpretation of published data on the impact of these pre-transplant factors is difficult due to small sample size in many single center studies, and the heterogeneous nature of the patient populations being studied, with significant differences in pre-transplant tumor stage, selection criteria for LT, the use of LRT prior to LT, and the length of waitlist time (10) .
The primary objective of this study was to evaluate pre-transplant recipient and donor factors that predict post-transplant outcome using a large Organ Procurement and Transplantation Network (OPTN) database in Region 5. We only included patients with pretransplant HCC stage meeting Milan criteria who received priority status for LT under the model for end-stage liver disease (MELD) system of organ allocation.
Materials and methods

Study design and subject selection
This study was approved by the Institutional Review Board of the University of California San Francisco. We analyzed OPTN data for LT in Region 5 from January 2004 to January 2009 under the MELD system of organ allocation. Region 5 includes California, Arizona, Nevada, New Mexico, and Utah. Subjects were identified through the OPTN database and were included if they had pre-transplant diagnosis of HCC and had been granted OPTN exception points for HCC meeting Milan criteria. Patients were excluded if the liver explant demonstrated malignancy other than HCC, or if their pre-transplant tumor size or number was outside of Milan criteria.
The two primary outcomes of interest are HCC recurrence and patient survival after LT. HCC recurrence was identified using OPTN data derived from both the post-transplant malignancy form and the cause of death on the transplant follow-up form. We evaluated 11 pre-transplant variables to detect association with post-transplant HCC recurrence or death.
They included recipient age, gender, race, blood group, liver disease, AFP at the time MELD exception was granted, latest AFP before LT, calculated MELD score before LT, waitlist time, history of loco-regional therapy, and donor characteristics using the Donor Risk Index (DRI). DRI is used to assess the quality of donor organ based on seven variables: age, cause of death, race, partial vs. whole grafts, height, cold ischemic time, and location of donor relative to the transplant center (13) . Race was divided into five categories: white, black, Asian/Pacific Islander, Hispanic, and others. The latest laboratory MELD score prior to LT was used. The diagnosis of liver disease was divided into five categories: hepatitis B, hepatitis C, alcoholic liver disease, HCC only, and others. LRT included chemoembolization, radiofrequency ablation, cryoablation, or chemical ablation.
Statistical analysis
Patient survival was estimated using the Kaplan-Meier method. Univariate analysis was performed to identify correlates of the primary outcome measures. For continuous variables, t-tests were used for normally distributed variables, and Mann-Whitney U-tests were used for variables lacking normal distribution. Chi-square analysis was used to compare categorical variables. Variables with documented univariable association with HCC recurrence or death were subsequently entered into multivariate logistic regression models, along with variables of expected clinical relevance. Continuous independent variables lacking normal distribution were entered into regression models with natural log transformation. Those who received LRT had a significantly lower median MELD score than those who did not (11 vs. 13, p < 0.001).
Results
Survival and HCC recurrence
The 1-and 5-yr overall patient survival was 91.1% and 71.1%, respectively. HCC recurrence was documented in 68 patients (6%). The mean time to HCC recurrence was 437 d (SD 382.4), and the median time to HCC recurrence was 297 d (range 33-1723 d) from LT among 34 of 68 patients in whom information on the date of HCC recurrence was available. Table 1 summarizes the results of the univariate analysis of the pre-transplant variables in predicting HCC recurrence. Whether the patient received LRT or not and the type of LRT were not significant predictors of HCC recurrence. Only initial AFP at the time MELD exception was granted and the last AFP prior to LT was significant predictors of HCC recurrence in univariate analysis. Based on an a prioiri hypothesis, we included waitlist time along with AFP at the time of listing and prior to LT, and only the most recent AFP prior to LT proved to be a significant predictor of HCC recurrence (Table 2 ). We performed additional analyses to determine the interaction of LRT with AFP in predicting tumor recurrence. When we separated the patients into those who had received LRT and those who had not, both initial and latest AFP were predictive of HCC recurrence in only the subgroup with loco-regional therapy ( Table 3 ).
Predictors of HCC recurrence
The receiver operating characteristics (ROC) curve generated for the AFP level, and HCC recurrence showed an area under the curve (AUC) of 0.633. We then evaluated ascending centile cutoff values of AFP sequentially and found an AFP value ≥ 300 ng/dL to have the highest odds ratio (OR) (2.52; 95% CI 3.5-4.72) in predicting HCC recurrence. Table 4 summarizes the results of univariate analysis of pre-transplant variables associated with post-transplant mortality. HCC recurrence was the strongest predictor of mortality -79.7% of those with HCC recurrence had died vs. 20.3% of those without HCC recurrence (p < 0.001). Recipient age, calculated MELD score, initial and last AFP before LT, and DRI were statistically significant predictors of mortality after LT. In the multivariate logistical regression model, HCC recurrence, the last AFP before LT, calculated MELD score, and DRI were significant predictors of mortality (Table 5) .
Predictors of post-transplant mortality
Predictors of the combined end points of post-transplant HCC recurrence or mortality
Due to the possibility of underreporting of tumor recurrence as the cause of death after LT, we performed additional analysis for predictors of the combined end point of either HCC recurrence or death. In the multivariate logistic regression (Table 6 ), the last AFP before LT was the strongest predictor of post-transplant HCC recurrence or mortality. Calculated MELD score and DRI were also significant predictors of the combined end points.
Discussion
It has been suggested that deceased donor LT for HCC should achieve similar posttransplant survival compared to non-malignant indications in the current era of severe organ shortage (3). Although many single center studies have shown excellent post-transplant outcome for HCC using Milan or modestly expanded criteria for patient selection (5, 6, 10, 14) , registry data that reflect more global experience with LT have continued to show inferior results with HCC compared to non-HCC indications (15) . As clearly shown in the present study, recurrence of HCC after LT is the most important cause of post-transplant mortality. Consequently, there is a need to identify additional factors beyond Milan criteria that may further reduce the likelihood of tumor recurrence and refine the current selection criteria. A plethora of studies have been published to address this issue, but many are limited by the small sample size leading to a lack of statistical power, or the heterogeneity of the study population (10) . Many studies included a substantial proportion of patients with tumors beyond Milan criteria.
The present study focused on pre-transplant variables predicting HCC recurrence in a large cohort of patients with pre-transplant HCC meeting Milan criteria in the MELD era. We found AFP prior to LT to be the only pre-transplant variable associated with HCC recurrence, and also one of the independent predictors of post-transplant survival, supporting the growing evidence that high pre-transplant AFP has a negative impact on post-transplant outcome (6, 10, (15) (16) (17) (18) (19) (20) . In a separate analysis of patients who received LRT, both AFP at listing and the latest AFP before LT were found to be independent predictors of posttransplant tumor recurrence. This finding suggests that persistently elevated AFP despite LRT is an important marker for tumor progression or worse tumor biology, leading to a higher risk for post-transplant tumor recurrence. An AFP level ≥ 300 ng/mL appears to best predict HCC recurrence in our study. However, the association between AFP and tumor recurrence over a wide range of AFP levels has yielded an AUC of only 0.633 for the ROC. Other published studies have reported a pre-transplant AFP level greater than 300 ng/mL (8), 400 ng/mL (16, 18, 19) , or 1000 ng/mL (6, (20) (21) (22) to be the best cutoff in predicting tumor recurrence. The most appropriate AFP level to serve as an additional exclusion criterion for LT still needs to be further elucidated in future studies.
Loco-regional therapy has been used frequently in clinical practice to control tumor growth, serving as a bridge to LT, but the benefits of LRT in this setting have remained unproven (3, 12) . It has been suggested that LRT is cost-effective if the waiting time for LT exceeds 6 months (23). According to Scientific Registry of Transplant Recipient (SRTR) data, the percentage of patients with HCC on the waiting list for LT who have received LRT ranged from 31% to 65% in different regions (24) . In the present study, the percentage of patients receiving LRT is considered high at 66% when compared to the national average. This is not surprising given the prolonged mean waiting time of 438 d in our region during the study period. A previous analysis of SRTR data (24) showed a small but statistically significant survival benefit at 3 yr after LT for patients who received LRT when compared to those who did not (79% vs. 75%, respectively). However, the survival analysis was not controlled for recipient and donor factors that might influence survival. The present study failed to demonstrate a benefit of LRT on either tumor recurrence or survival. A meta-analysis of published studies similarly did not demonstrate a clear benefit of LRT on post-transplant tumor recurrence or survival (12) . An important factor not evaluated in the present study is the response to LRT based on imaging, which has been suggested to be a key determinant of prognosis after LT (25, 26) . This observation has also filtered into the "ablate and wait" concept (27) that may prove to be an important selection tool for LT based on the effects of LRT. These are intriguing issues that require validation in large, multicenter studies.
Large registry data generally relied on only survival information (15, 16, 18, 19, 24) . In the present study, we obtained HCC recurrence data and included both HCC recurrence and survival as the end points in our analysis. A recent study (28) compared the observed HCC recurrence data in the OPTN database to expected rates calculated using a hierarchical model for recurrence adjusted for recipient and tumor characteristics and found that the observed HCC recurrence rate was not significantly lower than the expected rate at any center, suggesting that no systematic underreporting has occurred. The study therefore validated the OPTN HCC recurrence data and supported the potential for further analysis (28) .
Several non-tumor factors that are associated with post-transplant mortality in this study merit further discussions. We found that higher recipient calculated MELD score was associated with worse post-transplant survival. A previous study using OPTN data also reported higher post-transplant mortality in HCC patients with a calculated MELD score of ≥ 20 (15) . In the non-HCC population, published data evaluating recipient MELD score as a predictor of mortality after LT have shown inconsistent results (29) (30) (31) (32) (33) . As patients in this study received LT under MELD exception for HCC and had low mean calculated MELD score (Table 4) , the observation that calculated MELD score is a predictor of post-transplant mortality is somewhat surprising and its implications are also unclear. Prospective studies are needed to further evaluate the impact of calculated MELD score on both waitlist mortality and post-transplant mortality in patients with HCC. Another finding in the present study is the correlation between higher DRI and worse post-transplant survival. The DRI, originally developed based on analysis of OPTN data (13), has recently been validated independently as an outcome predictor after LT in a large cohort of patients in the Eurotransplant region (34) , where the mean DRI was remarkably higher when compared to that in OPTN (1.71 vs. 1.45) as well as our cohort. Weighing the risk of waitlist dropout due to tumor progression against the risk for worse post-transplant outcome using lower quality organs continues to be a challenging task facing the transplant surgeons.
In conclusion, in Region 5 with prolonged waitlist time, patients receiving MELD exception for HCC meeting Milan criteria had a 5-yr post-transplant survival of 71%. High preoperative AFP was the sole predictor of HCC recurrence and also one of the independent predictors of mortality after LT. We did not demonstrate a significant impact of preoperative LRT on post-transplant outcome, but high AFP despite LRT was associated with a worse prognosis after LT. This finding supported the importance of the effects of LRT on AFP in predicting post-transplant outcome. Considerations should be made for incorporating AFP as an additional selection criterion for LT among patients with HCC meeting Milan criteria. Table 6 Multivariate regression of factors associated with HCC recurrence or death after liver transplant 
